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ABSTRACT
We present a model for the interaction of the GD-1 stellar stream with a massive perturber that
naturally explains many of the observed stream features, including a gap and an off-stream spur of
stars. The model involves an impulse by a fast encounter, after which the stream grows a loop of stars
at different orbital energies. At specific viewing angles, this loop appears offset from the stream track.
A quantitative comparison of the spur and gap features prefers models where the perturber is in the
mass range of 106 M to 108 M. Orbit integrations back in time show that the stream encounter could
not have been caused by any known globular cluster or dwarf galaxy with a determined orbit, and
mass, size and impact-parameter arguments show that it could not have been caused by a molecular
cloud in the Milky Way disk. The most plausible explanation for the gap-and-spur structure is an
encounter with a dark-matter substructure, like those predicted to populate galactic halos in ΛCDM
cosmology. However, the expected densities of ΛCDM subhalos in this mass range and in this part of
the Milky Way are 2 − 3σ lower than the inferred density of the GD-1 perturber. This observation
opens up the possibility that detailed observations of streams could measure the mass spectrum of
dark-matter substructures and even identify individual substructures and their orbits in the Galactic
halo.
Keywords: cosmology: observations — dark matter — gravitation — stars: kinematics and dynamics
— Galaxy: halo — Galaxy: kinematics and dynamics
1. INTRODUCTION
In the currently preferred ΛCDM cosmological model
of cold dark matter (CDM) with dark energy (Λ), dark
matter forms clumps of very low masses (e.g., Springel
et al. 2008). Through mergers, these clumps grow to be-
come massive halos that include a number of distinct
lower mass clumps, or subhalos (e.g., White & Rees
1978). Baryons can only be retained in halos more mas-
sive than ∼ 108 − 109 M (e.g., Efstathiou 1992; Bul-
lock et al. 2000), which agrees well with the lowest-mass
galaxies discovered around the Milky Way (e.g., Simon
& Geha 2007; Martin et al. 2008). A critical prediction
Corresponding author: Ana Bonaca
ana.bonaca@cfa.harvard.edu
of the CDM paradigm is the existence of dark subhalos
less massive than . 108 M.
Alternative cosmological models have been proposed
that behave like ΛCDM on large scales, but have less
structure on small scales. In the case of warm dark mat-
ter (e.g., Bode et al. 2001), this is accomplished with
a dark matter particle that is less massive (m ∼ keV)
than the cold dark matter particle (m & 10 GeV), and
thus streams out of the lowest mass clumps. The fuzzy
dark matter model (e.g., Hu et al. 2000) posits an ultra-
light dark matter particle (m ∼ 10−22 eV) that exhibits
quantum behavior on macroscopic scales, which prevents
collapse of halos less massive than ∼ 107 M. There-
fore, a ruling on the existence of low-mass (. 107 M)
dark matter subhalos would place strong constraints
on the nature of dark matter (e.g., Bullock & Boylan-
Kolchin 2017; Buckley & Peter 2017), which can be fur-
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ther refined by measuring the minimum halo mass (e.g.,
Schmid et al. 1999; Hofmann et al. 2001; Loeb & Zal-
darriaga 2005).
Albeit dark, low-mass subhalos should still exert grav-
itational influence, for example, fluctuations of the grav-
itational tidal field are sensitive to the presence of sub-
halos down to 10−6M (Pen˜arrubia 2018). In a cos-
mological volume, however, gravitational lensing is our
most sensitive method of detecting gravitational pertur-
bations. And indeed, some strongly lensed galaxies re-
quire the presence of a subhalo in the lens plane to fully
explain the distribution of light in the lensed system. To
date, subhalos in the mass regime 108 − 109 M have
been identified in a number of lenses (e.g., Vegetti et al.
2012; Hezaveh et al. 2016). However, these objects are
expected to host stars (although at luminosities below
the current detection threshold), so the search for lower
mass, and truly dark, subhalos continues, primarily by
increasing the sample size of analyzed lenses.
In the local universe, dynamically cold stellar streams
are promising devices for measuring detailed properties
of the matter distribution (e.g., Johnston et al. 1999;
Bonaca & Hogg 2018). Formed by stars escaping a dis-
rupting globular cluster at slightly offset orbital ener-
gies, stellar streams are approximately one-dimensional
structures in the 6D phase space. An encounter between
a stellar stream and a dark matter subhalo would per-
turb the orderly structure of the stellar stream, produce
a gap in the stream density (e.g., Johnston et al. 2002;
Ibata et al. 2002; Carlberg 2012), and, depending on
the impact geometry, possibly also fold a part of the
stream (e.g., Yoon et al. 2011). More than 40 thin stel-
lar streams have been discovered in the Milky Way halo
(Grillmair & Carlin 2016), and the most prominent ones
have already been searched for evidence of density vari-
ations. The abundance of dark matter subhalos down
to ∼ 106 M inferred from the power-spectrum of den-
sity variations in streams is consistent with the ΛCDM
predictions (e.g., Carlberg 2012; Carlberg & Grillmair
2013). In addition to dark matter subhalos, a number
of physical processes and observational effects can al-
ter stream morphology at this level (e.g., Ku¨pper et al.
2008; Amorisco et al. 2016; Ibata et al. 2016). As a re-
sult, no stream has definitively established the presence
of dark matter substructure.
So far, studies of stream gaps have been statistical
in nature (e.g., Erkal et al. 2017), mainly because the
data were not good enough to identify individual gaps
at high confidence. However, thanks to the recently re-
leased Gaia data (Gaia Collaboration et al. 2018a), iden-
tification of stream member stars has become extremely
efficient (e.g., Malhan et al. 2018). In turn, this has en-
abled the discovery of a perturbation site in the GD-1
stream (Price-Whelan & Bonaca 2018) – a prime candi-
date for dark matter influence on a stellar stream.
In this work, we follow up this initial discovery with
the first in-depth analysis of a perturbed stellar stream.
We first review the observed properties of GD-1 (§ 2),
and then develop a fiducial model of a perturbed stream
that qualitatively matches GD-1 observations (§ 3.1).
Next, we explore the range of impact parameters al-
lowed by the spatial distribution of GD-1 (§ 3.2), and
make predictions for its kinematics (§ 3.3). Finally, we
discuss the limitations of the current modeling frame-
work (§ 4.1), possible origin of the perturber (§ 4.2), and
suggest strategies to distinguish between different origin
scenarios (§ 4.3).
2. OBSERVED FEATURES OF THE GD-1
STELLAR STREAM
GD-1 is the longest (> 100◦, 10 kpc) thin (σ ≈ 12′,
30 pc) stellar stream discovered in the Galactic halo
(Grillmair & Dionatos 2006). Based on its width and
length, GD-1 is expected to be extremely informative
about the global distribution of matter in the Galaxy
(Lux et al. 2013; Bonaca & Hogg 2018). Indeed, dynam-
ical modeling of GD-1 individually, and in concert with
the tidal tails of the Palomar 5 globular cluster, has al-
ready revealed that the inner dark matter halo is spheri-
cal (Koposov et al. 2010; Bowden et al. 2015; Bovy et al.
2016). GD-1 data from the Sloan Digital Sky Survey
(SDSS, York et al. 2000) has been analyzed for signa-
tures of density variations (Carlberg & Grillmair 2013),
but the contamination from the foreground Milky Way
stars was too high to unambiguously attribute detected
gaps to the stream itself.
Recently, Price-Whelan & Bonaca (2018) used proper
motions from the Gaia mission (Gaia Collaboration
et al. 2018a) and photometry from PanSTARRS (Cham-
bers et al. 2016) to confidently separate GD-1 stars
from the Milky Way field stars. This contamination-
free view of GD-1 enabled the first unambiguous de-
tection of gaps in a stellar stream, which remain ev-
ident in deeper imaging (de Boer et al. 2018). Addi-
tionally, the combined astrometric and photometric se-
lection reveals GD-1 stars offset from the main stream
track: an extended spur at (φ1, φ2) ≈ (−33◦, 1◦) and a
diffuse blob at (φ1, φ2) ≈ (−14◦,−1◦) in GD-1 coordi-
nates (Figure 1, top). Patterns imparted by the complex
selection function, confusion by background galaxies, or
foreground dust do not coincide with these GD-1 fea-
tures; instead, they are inherent properties of the stream
itself (Price-Whelan & Bonaca 2018).
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Figure 1. (Top) Likely members of the GD-1 stellar stream, cleanly selected using Gaia proper motions and PanSTARRS
photometry, reveal two significant gaps located at φ1 ≈ −20◦ and φ1 ≈ −40◦, and dubbed G-20 and G-40, respectively. There
is a long, thin spur extending for ≈ 10◦ from the G-40 gap. (Bottom) An idealized model of GD-1, whose progenitor disrupted
at φ1 ≈ −20◦ to produce the G-20 gap, and which has been perturbed by a compact, massive object to produce the G-40 gap.
The orbital structure of stars closest to the passing perturber is distorted into a loop of stars that after 0.5 Gyr appears as an
underdensity coinciding with the observed gap, and extends out of the stream similar to the observed spur.
To highlight the complex structure of the GD-1
stream, we present the distribution of likely stream
members at the top of Figure 1. As a first step in find-
ing likely members, we followed Price-Whelan & Bonaca
(2018) in selecting stars consistent with an old and
metal-poor population at a distance of 8 kpc, and mov-
ing retrograde with respect to the Galactic disk, with
proper motions in the GD-1 reference frame (µφ1 , µφ2) ≈
(−7, 0) mas yr−1. The spatial distribution of these stars
in the φ2 direction (i.e. perpendicular to the stream) is
modeled as a combination of a constant background, a
stream component at the location of the main stream
track, and one additional Gaussian component on ei-
ther side of the main stream to capture stream features
beyond the main track. We solved for the normaliza-
tion, position and width of every component by explor-
ing the parameter space with an ensemble MCMC sam-
pler (Foreman-Mackey et al. 2013). We used 256 walkers
that ran for a total of 1280 steps, and kept the final 256
steps to generate posterior samples in these parameters.
The above procedure is a full-stream generalization of
the calculation in (Price-Whelan & Bonaca 2018) that
quantified the fraction of stars in the additional compo-
nents at the locations of the spur and the blob. Finally,
we define a stream membership probability, pmem, as
the joint probability of a star belonging either to the
main stream or the additional feature, evaluate these
probabilities using MCMC samples and apply them to
every star. The upper panel of Figure 1 shows stars with
pmem > 0.5, with larger and darker points representing
stars with a higher membership probability.
Most likely GD-1 members trace a thin stream, whose
width varies between σ ≈ 10′ and 30′. As noted by
Price-Whelan & Bonaca (2018), the stellar density along
the stream is not uniform, and there are two signifi-
cant underdensities, or gaps, located at φ1 ≈ −40◦ and
φ1 ≈ −20◦, which we refer to as G-40 and G-20, respec-
tively. The main focus of this work are structures related
to the G-40 gap, so if not specified, the gap refers to G-
40. The additional, feature components are above the
background density in the spur region, φ1 ≈ −35◦, and
the blob region, φ1 ≈ −15◦, and consistent with zero
along the rest of the stream. In the following section we
present a model of GD-1 that simultaneously explains
the gap in the stream and the spur extending from the
stream.
3. MODELING THE PERTURBED GD-1 STREAM
3.1. Setup and the fiducial model
Unlike the observed GD-1, a globular cluster disrupt-
ing on the GD-1 orbit in a simple — analytic and smooth
— galaxy creates a stream that is also smooth (Price-
Whelan & Bonaca 2018). This model follows stars as
they leave the progenitor, and accounts for their epicylic
motion relative to the progenitor’s orbit (Ku¨pper et al.
2008, 2010; Fardal et al. 2015). The resulting pattern
of over- and underdensities is much more uniform than
the observed stream, so the full extent of density varia-
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tions in GD-1 cannot be simply explained by the process
of globular cluster disruption alone. As inhomogeneities
can also be introduced into a stellar stream by adding a
perturbation to the gravitational potential (e.g., Siegal-
Gaskins & Valluri 2008), in this Section we present a
model of the GD-1 stream that had a recent, close en-
counter with a dense, massive object.
As a first step in creating a model of the GD-1 stream,
we follow Price-Whelan & Bonaca (2018) in finding
the orbit of the GD-1 progenitor by fitting the six-
dimensional phase-space distribution of GD-1 stars. We
assume a spherical logarithmic potential with a circular
velocity of 225 km s−1 for orbit integration. This sim-
ple gravitational potential is very close to the best-fit
model of GD-1 (Koposov et al. 2010; Bowden et al.
2015), and it also allows much faster force evaluations
than the standard, multi-component model of the Milky
Way. The present-day location of the GD-1 progenitor
is not firmly established (e.g., Price-Whelan & Bonaca
2018; Webb & Bovy 2019), so we adopted a scenario in
which the progenitor is completely dissolved because it
qualitatively reproduces a number of global GD-1 fea-
tures (see Price-Whelan & Bonaca 2018).
We assume that the GD-1 progenitor was a globu-
lar cluster of initial mass 7 × 104 M. In our model, it
started losing stars through evaporation 3 Gyr ago and
completely disrupted 300 Myr before the present day.
We follow the progenitor’s dissolution by releasing test
particles from its Lagrange points (the mean ejection ra-
dius is ∼ 150 pc initially), and produce a model of the
stream following Fardal et al. (2015). In this approach,
the tidal radius from which the stars are being ejected
is a function of the progenitor’s mass and its position
in the Galaxy. Although idealized, such models capture
detailed properties of the more realistic, N-body, sim-
ulations of disrupting globular clusters (Ku¨pper et al.
2012). The present day distribution of test particles is
shown in GD-1 coordinates in the bottom of Figure 1.
Had the progenitor survived to the present, it would be
located at φ1 = −20◦. Instead, this model has a gap
at that location, which coincides with the G-20 gap ob-
served in GD-1. The progenitor’s initial mass and time
of disruption were chosen to reproduce the stream width
and the morphology of the more depleted observed gap.
However, the observed GD-1 stream has two promi-
nent gaps. To produce a model stream that also has a
gap coinciding with the observed G-40 gap, our model
also includes a massive and dense object on an orbit
that crosses GD-1. The parameters of the encounter
were chosen to reproduce the observed morphology of
the gap-and-spur feature in GD-1. The perturber is rep-
resented by a Hernquist (1990) sphere of mass 5×106 M
and scale radius 10 pc. Its closest approach to GD-
1 happened 495 Myr ago with a relative distance of
15 pc, which is smaller than the stream width. The per-
turber came closest to GD-1 stars that are presently
at φ1 ≈ −38◦. During the encounter, nearby stars re-
ceived a velocity kick from the perturber, and started
moving towards the location of its closest approach. In
case of a weaker perturbation, e.g., one produced by a
more diffuse perturber, the most significant component
of the velocity kick is along the stream, which changes
the orbital period of affected stars (Erkal & Belokurov
2015a). On one side of the perturber, the affected stars
have shorter orbital periods and hence speed by the un-
affected stars, while on the other side they take longer to
orbit the Galaxy, and lag behind the unaffected stream
stars. This creates a gap at the projected location of
the closest approach, with a pile-up of stars on either
side of the gap creating a signature double-horned profile
(Carlberg 2012). However, the perturber in our model
is dense, so it imparts a significant velocity kick perpen-
dicular to the stream as well as along the stream. This
leads to a loop of stars straying beyond the unperturbed
stream track. At the present, this loop is viewed nearly
edge-on and looks like the observed spur (Figure 1, bot-
tom).
The stream model in the bottom of Figure 1 quali-
tatively matches many features in the observed GD-1
stream (Figure 1, top). Not only are both of the most
prominent gaps reproduced at the right location and
with the right size, but their density contrast is matched
as well. The G-20 gap, modeled as a disrupted progeni-
tor, is almost completely depleted, while the G-40 gap,
the location of the impact, still retains some stars. Fur-
thermore, the model features a spur of the correct offset
from the main stream and correct length. It is not a
perfect model, for example, the model stream extends
past the observed extent of GD-1. Still, this model is
a remarkably realistic rendition of the observed GD-1,
so we next quantitatively explore the range of impact
parameters that produce a good match to the observed
stream.
3.2. Constraining the GD-1 perturber
In our fiducial model of the GD-1 stellar stream (Sec-
tion 3.1), the encounter with a perturber introduced a
gap in the stream and ejected a spur of GD-1 stars be-
yond the main stream. In this section, we constrain the
range in perturber’s mass and size, its impact param-
eter, velocity, and time of perturbation that reproduce
well the location and width of the gap, and the location
and extent of the spur.
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Figure 2. The stream response to different encounter parameters in columns from left: the time of impact, perturber’s mass, its
impact parameter, velocity and size. The value of the varied parameter (given in the top left of every panel) increases from top to
bottom, while all the other parameters are at their fiducial values (given in the middle row). Signatures of perturbation become
more prominent with an increase in time after the impact and mass of the perturber, and with a decrease of its impact parameter,
velocity and size. The relative sizes of the gap and the loop, and the loop orientation, break some of these degeneracies.
To efficiently explore the allowed parameter space, in
this section we assume that GD-1 stream stars share the
orbit with their progenitor. This allows for even faster
generation of a stream model, at the expense of less re-
alistic density contrasts along the stream. In the third
row of Figure 2 we show our fiducial model of perturbed
GD-1 under this assumption. The perturber parameters
have the same normalization as the streakline model pre-
sented in the previous section, but the encounter velocity
and impact parameter angles are different. This modifi-
cation was necessary because in general, stream tracks
are offset from their progenitors’ orbits (Sanders & Bin-
ney 2013). Despite this difference, modeling the GD-1
stream with a single orbit results in features similar to
those seen in the streakline model. This simpler model
also features a loop of stars removed from their origi-
nal orbit, which projects to the GD-1 spur location at
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φ1 & −40◦, opens a gap at φ1 ≈ −40◦ and reconnects
to the leading tail at φ1 . −40◦.
With a method at hand to quickly generate stream
models that reproduce basic features observed in GD-1,
we explore how the stream morphology depends on im-
pactor’s properties. We consider five parameters: time of
impact, T , perturber’s mass,M , its impact parameter, b,
velocity, V , and size, rs. Each column of Figure 2 shows
models where one of the parameters is changed, while
the others are kept at their fiducial values. Parameter
values are increasing from top to bottom (as labeled in
top left of every panel), with the fiducial values shown in
the middle row. Most of the presented models preserve
the angle between the loop and the unperturbed stream,
while the main differences are in the width of the gap
and the extent of the loop.
As the mass of the perturber increases, imparted ve-
locity kicks to stream stars are larger, and the resulting
loop and gap also increase in size. The effects of other
parameters are similar, for example, increasing the per-
turber’s size (making it less dense) decreases the loop
and gap sizes. Indeed, the bottom right panel of Fig-
ure 2 shows a model perturbed with an object follow-
ing the ΛCDM concentration–mass relation (Diemer &
Joyce 2018), and it shows no signature of a loop. Given
time, both the loop and the gap grow in size. However,
older loops are more aligned with the stream (Figure 2,
bottom left panel), and hence more difficult to detect ob-
servationally. The presence of an observable spur alone
already implies that GD-1 had a recent encounter with
a dense perturber.
Decreasing the velocity of the perturber (which also
increases the velocity kicks) produces larger loops and
gaps, and this effect is nearly degenerate with an in-
crease in perturber’s mass at sufficiently large velocities.
However, at very low velocities, the whole loop morphol-
ogy is changed (top panel in fourth column, Figure 2),
likely because the encounter is no longer impulsive. This
means that the observed spur morphology cannot be ex-
plained by an object of an arbitrarily low mass moving
slowly. Likewise, decreasing the impact parameter has a
unique signature too: the resulting loop is larger, but the
gap size remains constant. Different dependence of the
loop and gap properties on the perturber’s mass and its
impact parameter suggests that both parameters can be
constrained in the case of GD-1, where we observe both
features.
Different encounter parameters produce a unique im-
pact on the GD-1 morphology, so we next search this
space for parameter combinations allowed by the data.
Ideally, we would like to create a model of the stream and
compare it to the data directly. However, the adopted
method for generating stream models is not sufficiently
realistic for full forward-modeling. Instead, we devised a
set of criteria that allow us to compare whether a con-
ceptual stream model represents the observed structure
of GD-1.
First, we compare φ2 positions perpendicular to the
stream of perturbed model stars to the position of ob-
served stars in the spur, defined as a spline that goes
through control points of the stream between φ1 = −50◦
to −39◦, and control points on the spur between φ1 =
−39◦ to −30◦. Positions of likely GD-1 members and
this spline are shown in the top left of Figure 3 as black
points and gray line, respectively. Positions of stars in
the fiducial model (A), and two other models (B and C)
are shown in bottom rows, with darker colors marking
stars with a significant change in energy due to the en-
counter (bracketed by the third percentile on the trailing
end and the 92nd percentile of the energy difference on
the leading end of the stream). Quantitatively, we define
the spur chi-square:
χ2spur =
1
N
N∑
i=1
(
φ2, i − φ2, spline(φ1, i)
σspur
)2
(1)
for N model stars with positions (φ1, i, φ2, i), and
adopted width of the spur as σspur = 0.2
◦. To ensure
that the model spur is long enough, we only consider
models where at least one star has φ1 > −32◦ and
φ2 > 0.8
◦.
Next, we compare the location and width of the ob-
served and model gaps. The observed gap profile is
shown in the top panel of second column in Figure 3
(black points), and is well-represented by a top-hat pro-
file centered on φ1, gap = −40.5◦ and wgap = 8.5◦ wide
(gray line). Gap profiles of models A through C have
similar positions and widths, however, the density con-
trast between the gap and the spur is much larger (bot-
tom rows). As the predictions of our stream models re-
garding density are simplistic, we define the gap chi-
square as:
χ2gap =
1
Nbin
Nbin∑
i=1
(
Nmodel(φ1, i)−Ntop(φ1, i)
σgap, i
)2
(2)
where i denotes Nbin = 29 bins between −60◦ < φ1 <
−20◦. Nmodel(φ1, i) is the number of model stars in
bin i, and σgap, i is the associated Poisson uncertainty.
Ntop(φ1, i) ≡ Ntop(nbase, nhat, φ1, gap, wgap|φ1, i) is the
number of stars expected in bin i from a top-hat distri-
bution with the position φ1, gap and width wgap adopted
from the observed profile, but with the base level, nbase,
given by the median of the model profile outside of the
gap (−55◦ < φ1 < −45◦ and −35◦ < φ1 < −25◦),
dynamical evidence of a dark halo substructure 7
10
20
30
Nu
m
be
r
-2.5
0.0
2.5
2 [
de
g] Data
0
50
Nu
m
be
r
-2.5
0.0
2.5
2 [
de
g] Model A (fiducial)
0
25
Nu
m
be
r
-2.5
0.0
2.5
2 [
de
g] Model B
-50 -25
1 [deg]
0
50
Nu
m
be
r
-50 -40 -30
1 [deg]
-2.5
0.0
2.5
2 [
de
g] Model C
0
100
b 
[p
c]
0
500
V 
[k
m
 s
1 ]
0
50
r s 
[p
c]
0.0 2.5
T [Gyr]
5.0
7.5
lo
g 
M
/M
0 100
b [pc]
0 500
V [km s 1]
Consistent with data
Model A (fiducial)
Model B
Model C
0 50
rs [pc]
Figure 3. (Left) Comparison of the observed GD-1 spur (left column) and gap (right column) in the top row to the modeled
features in the bottom three rows. The gray line tracing the observed features was used for evaluating GD-1 models. (Right)
The parameter space of the allowed models is shaded gray, with the highlighted models falling inside this region. The data prefer
a recent, close encounter with a massive, dense object.
and nhat is the median of the model profile in the gap
(−43◦ < φ1 < −37◦). We further require the density
contrast nhat/nbase at least 0.5.
We combine the spur and gap contributions to the
surrogate log likelihood as lnL = −(χ2spur +χ2gap). Even
though this likelihood is an approximation to the formal
likelihood, which would compare the positions of model
stream stars to the observed ones, it is expected to fa-
vor models that reproduce well features seen in the data
(spur and gap). Therefore, we use an ensemble MCMC
sampler (Foreman-Mackey et al. 2013) to find the al-
lowed range in parameters of interest: perturber’s mass,
size, velocity, impact parameter and impact time, while
marginalizing over the orientation angles and impact lo-
cation. We started 200 walkers and advanced them for
5000 steps, keeping the last 2000 steps for analysis. In
principle, the resulting chain provides posterior samples,
but since this is a highly idealized search of the param-
eter space, we only provide plausible ranges of parame-
ters, instead of showing their two-dimensional distribu-
tions. Specifically, in each panel of the corner plot (Fig-
ure 3, right) we show the two-dimensional convex hull of
all models with likelihood above the 5th percentile (gray
shaded regions). Therefore, Figure 3 contains likelihood,
rather than posterior, information. Applied to the fidu-
cial model of GD-1 (presented in Figure 1), this method
recovers the true encounter parameters.
High-likelihood models of the GD-1 stream have en-
counter parameters expected from the stream’s sensitiv-
ity to different parameters (explored in Figure 2). Recent
encounters are favored, with most of the models having
been perturbed within the last 1 Gyr and none more
than 2 Gyr ago. The perturbing object itself is massive
(5.5 . logM/M . 8) and dense (rs . 20 pc). A range
of velocities are allowed, as the data dismiss only the
slowest moving perturbers (V & 50 km s−1). The closest
approach was extremely close to the stream, with the
impact parameter smaller than b . 50 pc.
Many of the inferred encounter parameters are corre-
lated. For example, more massive perturbers allow for
larger impact parameters, larger scale radii and older
encounters. In addition, current data places very weak
constraints on the perturber’s velocity. This is hardly
surprising given the similar effect these parameters have
on the appearance of the spur and the gap (Figure 2).
In the next section we discuss new observables that can
further constrain the GD-1 perturber.
3.3. Predictions for the kinematic signatures of the
encounter in GD-1
Perturber properties presented in the previous section
were constrained by the spatial distribution of the GD-1
debris alone. We now explore kinematic signatures of the
GD-1 encounter with such a perturber and discuss how
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Figure 4. Components of the relative velocity between the
perturbed and unperturbed stream (with radial velocity on
top, and proper motion along and perpendicular to the
stream in the middle and bottom, respectively) for three dif-
ferent model streams (columns). The direction of the offset
in radial velocity depends on the encounter geometry and
can constrain the perturber’s orbit. The direction of veloc-
ity offsets in proper motions is universal and can be used to
falsify the encounter scenario.
to further constrain its properties with future kinematic
observations.
In Figure 3 we introduced three models whose loops
reproduce the observed spur and gap morphologies
(left), and consequently, their encounter parameters are
in the allowed region of the parameter space (right).
These particular models were selected to display the di-
versity in kinematic signatures of the loop allowed by
the spatial data. To account for the velocity gradients
present along the stream, in Figure 4 we show differences
in velocity components between the perturbed and un-
perturbed stream for these three models. Each column
displays velocity signatures of a single model, with radial
velocity differences in the top row, and the two proper
motion components in GD-1 coordinates in the follow-
ing rows. In all of the models, there are kinematic offsets
between the loop and the unperturbed stream.
Radial velocity signatures exhibit the largest diver-
sity, most prominently manifested as the velocity differ-
ence between the spur and the unperturbed stream at
φ1 ≈ −30◦. Here, model A predicts the spur to move
faster than the stream, in model B the stream moves
faster than the spur, whereas there is no difference be-
tween the two in model C. The other side of the loop
has the opposite behavior, so models A and B predict bi-
modal radial-velocity measurements in the GD-1 stream
at −50◦ . φ1 . −45◦. Models A, B, and C have rather
similar parameters overall (Figure 3, right), but the per-
turber’s orbital plane is misaligned with that of GD-1
by 170◦, 15◦, and 50◦, respectively. Therefore, future
follow-up observations will not only further constrain
all impact parameters, but also provide the first strong
constraints on the encounter geometry.
Velocity offsets in proper motions have the same di-
rection across all models (Figure 4, bottom two rows).
Focusing first on the φ1 direction, this behavior stems
from the fact that there is a gap in the stream and
that the stream moves in the negative φ1 direction (i.e.,
µφ1 < 0). As Erkal & Belokurov (2015a) showed, ve-
locity kick along the stream (the φ1 direction) makes
the affected stars on the leading side of the gap speed
past the unperturbed stream. And indeed, loop stars
at φ1 . −45◦ have proper motion µφ1 more negative
than the unperturbed stream at the same φ1. The op-
posite behavior is expected, and seen, on the other side
of the loop (φ1 & −35◦), where the affected stars lag be-
hind the stream at less negative µφ1 . Details of the loop
proper motion offsets still depend on the perturber’s pa-
rameters, but the direction of offsets along the stream is
universal in the encounter scenario.
Because the spur is at positive φ2, its proper motion
perpendicular to the stream (the φ2 direction) should
be faster than that of the unperturbed stream stars. As
expected, ∆µφ2 > 0 for all of the models at φ1 & −35◦.
The other side of the loop is at most slightly offset
from the main stream track, so ∆µφ2 is very small at
φ1 . −45◦. Finally, the magnitude of kinematic off-
sets perpendicular to the stream (∆µφ2) is universally
smaller than along the stream (∆µφ1). This is also ex-
pected because the gap is much wider than the distance
between the stream and the spur.
The encounter model makes falsifiable predictions for
proper motion kinematics in the affected region of the
GD-1 stream: the spur, as a trailing part of the loop,
should be moving slower than the adjacent stream stars
in the φ1 direction (along the stream). The predicted
velocity offsets are small, but proper motions of diffuse,
cold streams have been measured at this precision with
the HST (Sohn et al. 2016), so future kinematic data
will rule on the perturbative origin of GD-1 features.
Furthermore, the expected offsets in radial velocity are
on the order of a few km s−1, which is easily within reach
of current spectroscopic facilities (e.g., Simon & Geha
2007). The baseline radial velocity in the perturbed part
of the stream is ∼ −100 km s−1 (Koposov et al. 2010),
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allowing for confident selection of GD-1 members out of
the field Milky Way population. Should the encounter
scenario be confirmed, these new data will make strong
predictions on the orbit and present-day position of the
pertuber.
4. DISCUSSION
In previous section we presented a model of the GD-
1 stream which experienced a recent encounter with a
massive, dense object. This fly-by imparted significant
velocity kicks to the closest stars both along the stream,
which produced a gap in the stream, and perpendicular
to the stream, which launched a spur of stars outside of
the main stream. The qualitative and quantitative agree-
ment between the observed and modeled gap and spur
suggests that these GD-1 structures are the first dynam-
ical evidence for a halo substructure. Below we discuss
improvements for future modeling of GD-1 (Section 4.1),
review possible origin scenarios of the observed features
(Section 4.2), and outline strategies to distinguish these
scenarios with additional observations (Section 4.3).
4.1. Limitations of the current modeling setup
A number of simplifying assumptions were made to fa-
cilitate the initial modeling of complex features observed
in the GD-1 stream. While we expect these assumptions
to still produce unbiased inference, there is additional
information available in the present data that has yet to
be employed. We will need better models to fully explain
these observations, so in this section we discuss areas for
improvement in modeling of the GD-1 system.
Our fiducial model of GD-1 is built from test particles
released by the disrupting progenitor directly from the
Lagrange points, instead of particles dynamically ejected
from the globular cluster progenitor itself. Stream mod-
els generated under this assumption match the distribu-
tion of tidal debris (including the intrinsic density vari-
ations along the tidal tails) from direct N-body simula-
tions while the progenitor persists (e.g., Ku¨pper et al.
2012; Fardal et al. 2015). However, the method is yet to
be tested when the progenitor is completely disrupted,
such as in the case of GD-1, and most of the known halo
streams. The last stages of tidal disruption can result
in enhanced density variations, so to fully account for
all the structures observed in GD-1 we will need a full
self-gravitating N-body model of the stream.
Of course, the reason we decided against employing
self-gravitating models in this work is that they are
computationally expensive, and prohibitively so for any
kind of parameter space exploration. This is why we
further focused only on the perturbed region of GD-1
when inferring properties of its perturber, and assumed
that all stars are on the same orbit. Reassuringly, fidu-
cial encounter parameters produce qualitatively similar
features both in an idealized stream (Figure 1) and in
stars along a single orbit (Figure 2). As discussed in
Section 3.2, this choice limited us to only matching po-
sitions of stream features, and to disregard density along
the stream. Since the density profile of the gap is also
expected to contain information about the perturber
(Erkal & Belokurov 2015b), going forward we will need
to have a proper generative model of the stream.
Furthermore, our treatment of the GD-1 perturber is
also simplistic. Although we explored perturbers of dif-
ferent masses and sizes, they all follow the Hernquist
(1990) density profile. This profile reduces to the point
mass case in the limit of vanishing scale size, and is sim-
ilar to the profile of dark matter halos (NFW, Navarro
et al. 1997) at small radii, although at larger radii it
falls off more steeply as r−4, compared to r−3 for NFW
halos. While the inference of the perturber’s scale radius
should be robust to the details of its outer density pro-
file, future work should explore whether any observables
can be traced to the perturber’s density structure, as it
might hold additional clues to its origin.
In the absence of a realistic stream model, our infer-
ence of the GD-1 perturber was based on a set of high-
level criteria instead of directly calculating the likelihood
of the observed spatial distribution of tidal debris for a
given set of model parameters (e.g., likelihood developed
in Bonaca et al. 2014). Spot-checking of the accepted
models suggests we erred on the conservative side and
accepted a wide range of models, some of which would
likely be ruled out with the full likelihood. For example,
model B in Figure 3 has both sides of its loop apprecia-
bly offset from the stream track, instead of just the trail-
ing side coinciding with the spur. Because of that, with
the current approach we only bound the allowed parame-
ter space, and remain agnostic to the relative likelihood
of models within the bounds. This prohibits us from
measuring probabilities associated with each model pa-
rameter. For example, in the following section we quali-
tatively discuss the inferred constraints on the mass and
size of the GD-1 perturber in the context of objects or-
biting the Milky Way, but are unable to quantify their
relative probabilities. To find preferred regions of the pa-
rameter space and recover the posterior density, future
inference will need to employ a more realistic model of
GD-1 and a proper likelihood.
And finally, our search of the parameter space has not
been exhaustive, so different islands may still be allowed
(for example, at a lower perturber mass or older en-
counter). This is, of course, always true when sampling
a parameter space (e.g., Hogg & Foreman-Mackey 2018).
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However, ours is sufficiently low-dimensional that future
studies employing the formal likelihood should be able
to perform a brute-force sweep of the entire parameter
volume and identify all classes of perturber properties
that explain GD-1 features.
4.2. Origin of GD-1 structures
Many massive objects are known, or expected, to orbit
the Galaxy, and if any should have encountered a cold
stream, the perturbation would remain recorded in the
stream’s density profile. So, the presence of perturbed
features in GD-1 is not surprising, but their detailed
structure is. In this section we discuss what the observed
structures suggest about their origin.
4.2.1. Non-impact scenarios
In this work we assumed that GD-1 was perturbed be-
cause of inhomogeneities in its density profile. However,
N-body simulations of disrupting globular clusters show
that a certain level of structure in the resulting stream
is intrinsic to the disruption process (e.g., Ku¨pper et al.
2008, 2010). These simulations predict that stars escape
a globular cluster on orbits that epicycle around the pro-
genitor’s orbit. Seen in projection, these epicycles pro-
duce a regular pattern of over- and under-densities along
the stream. Ku¨pper et al. (2015) showed that some of
density variations detected in tidal tails of the Palomar 5
globular cluster can be attributed to epicycles. However,
none of the present-day globular clusters would intrin-
sically produce density variations as prominent as those
observed in GD-1 (see Price-Whelan & Bonaca 2018). If
the GD-1 progenitor had a more complex internal struc-
ture than the known globular clusters, this might prop-
agate to the morphology of its tidal tails and account
for the observed features.
Non-trivial morphologies in stellar streams can also
be produced by chaotic dispersal (Price-Whelan et al.
2016a). For example, unexpectedly short lengths of the
Ophiuchus and Palomar 5 streams have been attributed
to chaos: in a chaotic potential featuring a rotating bar,
large swaths of these streams can be dispersed to surface
densities below our current detection threshold (Price-
Whelan et al. 2016b; Pearson et al. 2017). GD-1, on a
retrograde orbit and with a larger pericenter than either
of these streams, is deemed less susceptible to the chaotic
influence of the rotating bar (Banik & Bovy 2018). Fur-
thermore, the gap and spur features in GD-1 are much
more localized than typical signatures of chaos in com-
plex, time-dependent gravitational potentials, but there
is still a lot of parameter space left to explore.
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Figure 5. Relative distance between the GD-1 gap and
known objects in the Milky Way: classical dwarf galaxies
(dark red), ultra-faint dwarfs (red), globular clusters (or-
ange) and the stellar disk (light orange). The horizontal line
shows the maximum permitted impact parameter, as shown
in Figure 3. No known, compact object approaches GD-1
close enough to produce the observed gap-and-spur features.
4.2.2. Luminous objects as the GD-1 perturber
While these non-interaction scenarios are still possible
causes of structures seen in GD-1, we find the interaction
scenario more plausible. The Milky Way is surrounded
by ∼ 50 dwarf galaxies (McConnachie 2012) and ∼ 150
globular clusters (Harris 2010), most of which, like GD-
1, reside in the Galactic halo. Thanks to the Gaia mis-
sion, a significant fraction of these satellites are now fully
located in the 6D phase space (Simon 2018; Gaia Col-
laboration et al. 2018b; Baumgardt et al. 2019). To test
whether any of these objects could have perturbed GD-
1, we integrated their orbits in a fiducial Milky Way
potential (Price-Whelan 2017) and show their relative
distance from the GD-1 gap at φ1 = −40◦ during the
past billion years in Figure 5. Lines are shaded accord-
ing to the object’s mass, with the classical dwarfs be-
ing the darkest, ultra-faints medium, and globular clus-
ters lighter. All of them have kept at least 1 kpc away
from GD-1. Relative distances shown in Figure 5 were
calculated for fiducial present-day positions and veloci-
ties of satellites. Since the associated measurement un-
certainties can be substantial, we also sampled the er-
ror distribution in satellite properties and measured in
how many realizations any given satellite comes closer to
GD-1 than the maximum permitted impact parameter
of 57 pc (see Figure 3). Upon resampling the observa-
tional uncertainties, all satellites with known orbits are
excluded as GD-1 perturbers at a 3σ level or higher.
Orbital parameters are known for all but two globular
clusters (GLIMPSE C02 and 2MASS-GC01, Baumgardt
et al. 2019), both of which are faint objects located in
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Figure 6. Comparison of inferred mass and scale radius of the GD-1 perturber (following a Hernquist profile, light gray shaded
region) to the known dwarf galaxies (squares), globular clusters (triangles), and molecular clouds in the outer disk (circles). For
dwarf galaxies and globular clusters we show the total mass and half-light radius, while for molecular clouds we show total mass
and total size. Molecular clouds are too diffuse to have caused features in the GD-1 stream, while orbital properties rule out
globular clusters and dwarf galaxies. The dark shaded region is showing masses and scale radii of dark matter subhalos (following
an NFW profile) and the expected 3σ scatter (the inner and outer dotted lines denote the 1σ and 2σ scatter, respectively).
GD-1 perturber is on the dense, or high-concentration, end of dark matter subhalos.
the Galactic bulge (Kurtev et al. 2008; Bonatto & Bica
2008), and are therefore unlikely GD-1 perturbers. Out
of 49 dwarf galaxies present in the up-to-date catalog of
McConnachie (2012), only 24 objects have their orbits
determined. In summary, present data rule out all lumi-
nous satellites with known orbits as GD-1 perturbers,
but follow-up spectroscopy is required to test the re-
maining 25 satellites.
As it orbits the Galaxy, GD-1 crosses the disk at
timescales comparable to the inferred time of pertur-
bation (the lightest line in Figure 5 is the distance from
the Galactic plane). While strong disk shocking can fa-
cilitate disruption of a diffuse globular cluster (Dehnen
et al. 2004), GD-1 disk crossings are between 13 kpc and
23 kpc from the Galactic center, where the disk density
is too low to significantly impact the stream, or produce
sharp features such as the gap and the spur. Still, gi-
ant molecular clouds (GMCs) that are orbiting in the
disk plane can perturb cold stellar streams (Amorisco
et al. 2016). To test whether GMCs are viable can-
didates for the GD-1 perturber, in Figure 6 we com-
pare the inferred mass and size of the GD-1 perturber
(gray shaded region) to known objects in the Milky Way,
including molecular clouds. Dwarf galaxies are shown
as light squares (McConnachie 2012), globular clusters
as medium triangles (Baumgardt & Hilker 2018), and
outer-disk molecular clouds (beyond 10 kpc) as dark cir-
cles (Miville-Descheˆnes et al. 2017). This comparison is
rather conceptual as different classes of objects have dif-
ferent density profiles: for the GD-1 perturber we show
the mass and scale radius assuming a Hernquist profile,
for dwarf galaxies and globular clusters we show the to-
tal dynamical mass and half-light radius, and the total
(high) mass and full size for molecular clouds. Keeping
these caveats in mind, the most massive globular clus-
ters and the most compact dwarf galaxies have masses
and sizes comparable to the preferred values of the GD-
1 perturber, but GMCs are in general too diffuse (at a
given mass, their sizes are at least an order of magni-
tude larger than expected of the GD-1 perturber). To
additionally test for extremely dense, yet undiscovered
class of GMCs, we also created GD-1 models perturbed
by a 107 M point mass moving on a circular disk or-
bit for the three most recent disk crossing times. These
configurations result in a spur that is below the stream
at φ2 < 0, rather than above at φ2 > 0 as observed in
GD-1. Based on their low central density and their ex-
pected orbits, we conclude that GMCs are unlikely to
have perturbed GD-1. A dense GMC orbiting outside of
the Milky Way disk at large Galactocentric radii is still
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allowed by the data, and in Section 4.3 we discuss future
tests to ascertain the nature of the GD-1 perturber.
The prospect of ruling out known luminous objects as
GD-1 perturbers based on their orbits strongly depends
on the accurate knowledge of the underlying gravita-
tional potential. In this work we assumed a smooth and
static model for the Milky Way (Price-Whelan 2017) be-
cause it reproduces well the global 6D phase-space dis-
tribution of GD-1 (Price-Whelan & Bonaca 2018). This
implies that, to first order, the assumed gravitational po-
tential is close to the effective Milky Way potential over
the last 3 Gyr (the dynamical age of GD-1 in our fiducial
model). Future studies will explore whether GD-1 can
distinguish between different choices for a static poten-
tial (e.g., Bovy 2015). Furthermore, the presence of two
massive satellites within the Milky Way, Large Magel-
lanic Cloud (LMC) and Sagittarius, means the potential
is more complex in detail. Dynamical considerations im-
ply that the LMC is very massive (∼ 1011M, e.g., Kalli-
vayalil et al. 2013; Go´mez et al. 2015; Pen˜arrubia et al.
2016), and has already been invoked to explain devia-
tions from the expected stream tracks of the Tucana III
and Orphan streams (Erkal et al. 2018a,b, respectively).
Sagittarius is likely less massive (∼ 109−1011M, Jiang
& Binney 2000), but still a significant perturber in the
inner Galaxy (e.g., Laporte et al. 2019a,b). These mas-
sive satellites may have affected the orbit of GD-1, as
well as those of luminous satellites and any dark-matter
subhalos. To reaffirm that the GD-1 perturber is not a
luminous satellite, future work should recalculate their
relative distances in a more realistic gravitational poten-
tial that includes the LMC and Sagittarius (for exam-
ple, as a time-dependent expansion of basis functions,
Garavito-Camargo et al. 2019).
So far, we have estimated the influence of known ob-
jects on GD-1 by directly modeling individual bodies.
An alternative approach may be to consider a statistical
model for the distribution function of GMCs, globular
clusters and dwarf galaxies in our Galaxy. For example,
Banik & Bovy (2019) compared the power-spectra of
gaps in the Palomar 5 stream expected from whole pop-
ulations of GMCs and dark-matter subhalos. A similar
analysis of GD-1 could, in principle, estimate the like-
lihood of the GD-1 perturber being a member of these
groups. However, unlike the gaps in Palomar 5, the gap
detected in GD-1 is associated with an off-stream spur.
A statistical treatment of both features is beyond the
scope of this work, but the framework for simultaneous
modeling of a gap-and-spur feature that we developed
here should provide a good starting point for such pop-
ulation studies in the future.
4.2.3. Dark perturbers
Having ruled out luminous objects with known orbits,
we find that the most probable GD-1 perturber is a dark
object in the Milky Way halo. As luminous satellites can
have approximately the required masses and sizes, a low
luminosity unknown satellite might be the culprit. To
avoid detection, it would have to be fortuitously hid-
ing in the disk plane, or moving very fast, as our best
estimate is that the encounter was recent. Near-future
and upcoming surveys of the plane (Schlafly et al. 2018)
and the halo (LSST Science Collaboration et al. 2009)
should provide a complete census of objects in the Milky
Way and find a perturber of low luminosity.
Alternatively, the GD-1 perturber could be completely
dark. A dense pertuber in the mass range 105− 108 M
is required, so we next discuss black holes – the dens-
est dark objects in the Universe. Baryonic black holes
of similar masses typically reside in centers of galaxies
(the mass of Milky Way’s supermassive black hole, Sgr
A?, is ≈ 4 × 106 M Boehle et al. 2016). A population
of non-baryonic, primordial black holes is hypothesized
to have formed in the early universe (Carr & Hawking
1974), and has sparked a renewed interest as a dark mat-
ter candidate following the LIGO detections (Bird et al.
2016). Several lines of inquiry have limited the contri-
bution of massive (& 103 M) primordial black holes to
the dark matter budget to less than . 0.1 % (Carr et al.
2016, and references within). So if GD-1 encountered a
primordial black hole, this would have been an extremely
rare event, and we would not expect to see similar fea-
tures in other streams upon a comparable amount of
scrutiny.
On the other hand, ΛCDM cosmological simulations
predict scores of dark matter subhalos orbiting Milky
Way-like galaxies. Even after accounting for the destruc-
tion of subhalos due to the stellar disk (D’Onghia et al.
2010; Errani et al. 2017; Garrison-Kimmel et al. 2017),
their density in the inner 20 kpc is high enough that a
stream on a GD-1-like orbit is expected to have encoun-
tered at least one 106 − 107 M subhalo within the last
∼ 8 Gyr (Erkal et al. 2016). Of the two prominent gaps
in GD-1, our fiducial model ascribes one to the site of the
progenitor’s disruption (G-20), and one to the encounter
with a perturber (G-40). Thus, a dark matter subhalo is
a plausible GD-1 perturber in terms of encounter rates
expected in the ΛCDM universe.
The high inferred density of the GD-1 perturber makes
it more resilient to disruption in the tidal field of the
inner galaxy, but preferred values are on the high end
of dark matter halo concentrations. For example, the
ΛCDM concentration–mass relation for isolated dark
matter halos predicts that a 106 M halo should have a
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scale radius of ∼ 50 pc (Diemer & Joyce 2018), while the
most diffuse GD-1 perturber of a similar mass has a scale
radius of ∼ 20 pc. The scatter in the mass-concentration
relation is small at high masses (∼ 0.15 dex), although it
has not been quantified below . 1010 M and there are
some indications that the fraction of high-concentration
halos increases at low masses (Diemer & Kravtsov 2015).
On the other hand, subhalos surviving in dense environ-
ments are more concentrated than field halos of the same
mass (e.g., Avila-Reese et al. 2005). The dark shaded
band in Figure 6 shows the masses (M200,c) and sizes
(NFW scale radii, rs) expected for dark matter sub-
halos orbiting in the GD-1 radial range (Moline´ et al.
2017). The whole band encompasses the 3σ scatter in
the concentration–mass relation, while the dense and
sparse dotted lines correspond to the 1σ and 2σ scatter,
respectively. Properties of ΛCDM subhalos are consistent
with the inferred mass and size of the GD-1 perturber
only at a 2 − 3σ level, and the current GD-1 analysis
allows the perturber to be orders of magnitude denser
than expected of ΛCDM dark matter subhalos.
Among the objects expected to orbit the Milky Way,
globular clusters have the largest overlap with the in-
ferred mass and size of the GD-1 perturber (Figure 6).
Current dynamical data rule out all of the known glob-
ular clusters, but this overlap motivates a search for
new globular clusters, which we discuss in the next sec-
tion. Should future searches for luminous objects yield
no plausible candidate for the GD-1 perturber, and a
dark-matter subhalo remains a viable option, the high
inferred density might point to dark matter physics be-
yond CDM (e.g., Kahlhoefer et al. 2019).
4.3. Future prospects
Constraining the number and properties of low-mass
dark matter halos is essential for understanding the na-
ture of dark matter (Bullock & Boylan-Kolchin 2017).
Interpreting the gap-and-spur feature in the GD-1
stream as a signature of a perturbation provides us a
really promising candidate for a dark halo substructure.
With the follow-up work outlined below, we now have
a great opportunity to detect and characterize a dark
dark matter subhalo.
The best way to test whether GD-1 features are an
outcome of an encounter with a massive perturber is
to obtain detailed kinematics in the perturbed region of
the stream. The encounter scenario predicts velocity off-
sets between the spur and the stream, and they can be
used to falsify this model. The expected offsets are small,
but measurable with a modest investment of spectro-
scopic time to get the radial component of the velocity
(the required precision is ∼ 1 km s−1), and a somewhat
more significant astrometric commitment to measure the
transverse motion precisely enough (∼ 0.1 mas yr−1).
The magnitude of these velocity offsets could already
falsify other origin scenarios. For example, a velocity off-
set between the spur and the stream that is much larger
than the velocity dispersion in a globular cluster would
imply an input of energy to the system, and thus rule
out scenarios in which the spur is a consequence of sub-
structure in the GD-1 progenitor. However, the ultimate
test of the encounter scenario is a measurement of ve-
locity offsets on both sides of the GD-1 gap. The offsets
are predicted to monotonically increase along the loop,
with the spur always lagging behind the stream in the
component of the velocity along the stream (for details,
see Section 3.3).
Should the encounter scenario be confirmed, details
of the kinematic structure in the perturbed part of GD-
1 will put very strong constraints on the orbit of the
perturber (see Figure 4 for different possibilities). This
would in turn allow the search for additional signatures
of the perturber along its inferred orbit. Recently, Van
Tilburg et al. (2018) showed how a massive and dense
object can be detected in the halo via time-dependent
weak lensing of background stars. As the magnitude of
the effect depends on the object’s density profile, we
might directly measure structural properties of the GD-
1 perturber. Combined with a better theoretical under-
standing of dark matter subhalos and their density pro-
files, this measurement could also inform about the par-
ticle nature of dark matter.
Ultimately, locating the perturber gravitationally
would open up possibilities for electromagnetic follow-
up. If the source is bright in x-rays, this might be a signa-
ture of an accreting black hole (e.g., Bailyn et al. 1995).
Alternatively, a spatially coincident excess of gamma-
rays might signal the annihilation of dark matter parti-
cles (similarly to the results of searches at the locations
of dwarf galaxies, e.g., Hooper & Linden 2015). Either
way, an electromagnetic detection would better charac-
terize the nature of the GD-1 perturber.
As discussed above, further study of the GD-1 gap-
and-spur feature may provide the first opportunity to
follow up an individual halo substructure. But most
excitingly, these features demonstrate that cold stellar
streams are extremely fine-tuned detectors, sensitive at a
level that was only hoped for beforehand. In GD-1 alone,
there are additional gaps that may be further evidence
of gravitational perturbations (specifically, the G-20 gap
is associated with a diffuse blob of GD-1 stars beyond
the main stream). In addition to GD-1, there are over
40 known streams in the Milky Way halo (e.g., Grill-
mair & Carlin 2016; Shipp et al. 2018). In the era of
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Gaia, we now have both the incentive and the resources
to study them all in detail. With the full network of
streams we could learn not only about individual halo
substructures, but about the population as a whole.
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